Abstract The primary objective of this study was to investigate the implications of pathological fractures on therapy outcome in patients with primary malignant bone tumours and to determine whether limb salvage can be safely performed. A retrospective analysis of 447 patients with primary malignant bone tumours, treated between 1985 and 2005, was performed. Multivariate Cox regression analysis was used to investigate the influence of pathological fractures and further independent variables on survival rate. In 52 of the 447 patients, the primary malignant bone tumour was complicated by a pathological fracture. These fractures were more common in malignant fibrous histiocytoma (MFH) of the bone and in the tumour stages IIa/b and III. Ablative surgery was performed in ten patients and limb salvage surgery in 42 patients. The mortality risk for patients with pathological fractures was significantly increased by a factor of 1.82 (p=0.015), and overall duration of survival was significantly lower in the fracture group, with a median of 6.2 years (p<0.00001). In univariate and multivariate analysis, fracture, higher tumour stages and resection margins remained a significant predictor of worse survival. Overall survival, rate of local recurrence and distant metastases were not affected by the type of surgical treatment selected; there was no difference between the patients who underwent limb salvage and those who underwent an amputation. Pathological fracture in patients with primary malignant bone tumours is a predictor of worse survival and significantly increases mortality risk. Reconstructive surgery did not influence the survival rate, showing that limb salvage therapy is safe when adequate resection margins are achieved.
Introduction
Pathological fractures from primary malignant bone tumours are devastating events for patients and remain a significant clinical concern. The incidence of pathological fractures has been reported at between 2% and 25% [1, 3, 14, 17] . They may substantially reduce patients' functional independence and quality of life. Further, pathological fractures are reported to significantly reduce survival rate and worsen prognosis by potentially spreading tumour cells via the fracture haematoma into adjacent tissues or by development of joint involvement [1] . It has also been postulated that damage to the microcirculation may further facilitate metastases [1] . Misdiagnosis of a pathological fracture may result in inappropriate treatment, delaying diagnosis and potentially spreading the disease. Thus, prevention and delay of fracture are important treatment objectives. Surgical treatment options for pathological fracture in malignant bone sarcomas range from reconstructive surgery to amputation [20] . Limb salvage has become a popular alternative to amputation for the treatment of malignant bone tumours and can improve functional outcome [23] [24] [25] . Within this setting it is of pivotal interest whether limb salvage has any effect on the long-term survival of patients, and few studies have specifically compared the outcome of limb salvage versus amputation [1, 2, 5, 13, 16, 22, 27] .
The literature is unclear about the implications of a pathological fracture for therapy outcome for patients with primary malignant bone tumours, and the impact on mortality risk is controversial [2, 13, 14, 16, 22, 24, 27] .
The primary objective of this study was to identify the prognostic value of independent variables in patients with primary malignant bone tumours with regard to survival rate and to determine whether the incidence of pathological fracture is associated with a poor outcome. In addition we analysed whether limb salvage can be safely performed without compromising oncological outcome.
Patients and methods
A retrospective survey was performed on 447 patients with localised primary malignant bone tumours treated between 1985 and 2005 at the University Clinic of Orthopaedic Surgery, Heidelberg, which is a national referral centre for bone tumours. The data were derived from our internal tumour registry, in which clinical, radiological and histopathological information as well as details of treatment and outcome are recorded.
By performing univariate and multivariate analysis (Cox regression; SPSS 12.0; SPSS Inc., Chicago, USA) we investigated the influence of the following independent variables on survival rate: Pathological fracture (yes, no); tumour entity (osteosarcoma, chondrosarcoma, Ewing sarcoma/primitive neuroectodermal tumor [PNET] , malignant fibrous histiocytoma [MFH] , fibrosarcoma); clinical stage (Ia/Ib, IIa/IIb, III), localisation (upper extremity, lower extremity, pelvis/hip, others); operative treatment (limbsaving, ablative); resection margins (wide, marginal, intralesional); tumour regression after adjuvant therapy (no adjuvant therapy, good response, poor response, data not available); and development of distant metastases (yes, no). Patients with non-operative treatment were excluded from this study.
Tumour entity
Tumour entity was defined after standard histological investigation and suitable immunohistochemistry studies by two independent pathologists from separate institutions (the local pathologist and a reference pathologist).
Clinical stage
The clinical stage was defined according to the Musculoskeletal Tumour Society staging system (Enneking et al.) [11] .
Resection margins
Resection margins were defined according to Enneking et al. as radical, wide, marginal and intralesional [11] .
Standard therapy
The study population included only those patients who received standard therapy. In osteosarcoma and Ewing sarcoma this was defined as pre-operative chemotherapy, followed by tumour resection and post-operative chemotherapy.
For osteosarcoma, chemotherapy was administered according to the COSS protocol, for Ewing sarcoma according to the protocol of the EICESS groups [6, 7, 9, 28] .
Tumour regression
Tumour regression in response to preoperative chemotherapy was determined histologically according to the six-grade scale of Salzer-Kuntschik et al., where grade 1 denotes no viable tumour cells; grade 2, solitary viable cells or one islet of less than 0.5 cm; grade 3, less than 10%; grade 4, 10-50%; grade 5, more than 50%; grade 6, no effect of chemotherapy. A good response was defined as less than 10% viable tumour cells in the surgical specimen, corresponding to response grades 1-3. Grades 4-6 were considered a poor response [22] .
Statistical analysis
Overall survival was determined by Kaplan-Meier survival analysis and compared among groups with a log rank test [15] . Variables with a p value of <0.10 in the univariate analysis were entered as covariates into the stepwise Cox proportional-hazards regression model to identify multivariate predictors of survival rate [8] . The hazard ratio with 95% confidence interval was used to measure the strength of the relationship between each multivariate predictor and the corresponding outcome.
Results
The study population encompassed 447 patients (260 males and 187 females) with primary malignant bone tumours registered between 1985 and 2005 (Table 1) . Fifty-two patients (11.6%) suffered a pathological fracture. The median age of the study population at time of tumour diagnosis was 27 years (range 2-84). The groups with and without a fracture were comparable with regard to gender and age at diagnosis (see Table 1 ). The prospective median duration of follow-up of the study population was 15 years.
The two groups (with/without fracture) displayed no statistically significant difference regarding the distribution of the tumour types, and the most frequent tumour was osteosarcoma, followed by chondrosarcoma ( Table 1 ). The highest incidence of fracture was in patients with MFH (8/41), followed by osteosarcoma (22/190) , Ewing sarcoma/PNET (9/79) and chondrosarcoma (13/130) .
No significant difference regarding the tumour location could be shown between the two groups. The most frequently affected site was the lower extremity, followed by the upper extremity (Table 1) . Patients with pathological fractures displayed significantly higher tumour stages (p=0.001), with 69.2% (36/52) presenting stage IIa/b and 17.3% (9/52) stage III (Table 1) . Accordingly, the rate of distant metastases at study entry corresponds to the tumour stages. Neoadjuvant chemotherapy was administered equally in both groups according to standard protocols. No statistically significant difference regarding response rate to neoadjuvant chemotherapy was found between the fracture group and the non-fracture group (p=0.336) ( Table 1) . However, 127 patients of the study population were classified as good responders (grades 1-3). Although a tendency towards more local recurrence in the fracture group seemed to exist, the local recurrence rate was not Values given as n (%) unless otherwise noted statistically different between the two groups (p=0.35). The incidence of distant metastases during the study for the patients without metastatic disease at diagnosis (tumour stages I and II) was comparable between the fracture and control groups (Table 1) . Limb-saving surgery was performed in 344 of the 447 patients and ablative surgery in 103 patients (Table 1) . Surgical treatment and resection margins were comparable between the two groups ( Table 1) . No difference with respect to rate of local recurrence, rate of distant metastases and overall duration of survival was shown between the patients who underwent limb salvage and those who underwent amputation. The comparison of local recurrence between patients in the fracture group only, treated with ablative or limb saving surgery, revealed no statistically significant differences with local recurrence in 10% of the ablative group and 11.9% of the group treated with limb saving surgery.
The numbers of patients alive versus deceased at the end of the study period are shown in Table 2 . The survival rate of patients in the non-fracture group (76.7%) was significantly higher than that in the fracture group (50%). Overall survival was significantly lower in the fracture group, with a median of 6.2 years compared to 16 years for patients without pathological fracture (p<0.00001). The one-, fiveand ten-year overall survival rates were 86%, 54% and 39%, respectively, for patients with pathological fracture and 96%, 78% and 69% for patients without pathological fracture (Fig. 1) .
The univariate analysis revealed that the independent variables pathological fracture, higher tumour stage and inadequate resection margins were associated with poor survival. These variables were therefore selected for multivariate analysis, which demonstrated that the occurrence of pathological fractures increased the mortality risk by a factor of 1.82 (p=0.015) compared to patients without pathological fractures (Table 3) . Moreover, patients with higher tumour stages at the time of diagnosis had a greater risk of death: two-fold for stage IIa/b (p=0.004, HR 2.1) and six-fold for stage III (p<0.0001, HR 6.46) compared to patients with stage Ia/b. Additionally, inadequate resection margins were a prognostic factor for poor survival compared to wide margins. When resection margins were marginal the mortality risk increased by a factor of 1.9 (p=0.02) and for intralesional resection margins the figure was 2.8 (p<0.0001, HR 2.83). In contrast, survival was positively associated with good response to neoadjuvant chemotherapy (p=0.015, HR 0.68).
Discussion
Pathological fractures in patients with primary malignant bone tumours sharply decrease quality of life and remain a significant clinical concern. The implications and prognostic value of pathological fractures on mortality rate and local recurrence, as well as the appropriate treatment, remain important issues for discussion. The identification CI confidence interval Fig. 1 Cumulative survival for patients with and those without a pathological fracture. The one-, five-and ten-year overall survival rates were 86%, 54% and 39%, respectively, for patients with pathological fracture and 96%, 78% and 69% for patients without pathological fracture of prognostic factors is important in order to improve therapy outcome and more effectively tailor surgical treatment to the individual patient. A total of 447 patients with primary malignant bone tumours were included in our study with a prospective median follow-up time of 15 years. The fracture group and the control group were comparable regarding age and gender and received similar treatment according to standardised criteria (Table 1) .
The total incidence of pathological fractures in our series was 11.6% (52 patients); the rate differed significantly depending on the tumour entity, as previously reported by others [1, 5, 10, 17, 18, 25, 29] . In our study pathological fractures occurred most frequently in patients with MFH, followed by osteosarcoma, Ewing sarcoma/PNET and chondrosarcoma.
Moreover, no statistical difference regarding the tumour location could be shown when comparing the two groups. The lower extremity was predominantly affected in both groups, followed by the upper extremity, in accordance with the literature [1, 5, 24, 29] .
For most patients, the development of a symptomatic pathological fracture is a devastating event that heralds the end stage of their disease. The literature is contradictory regarding the implications of pathological fractures for the survival rate.
Hoffmann et al. studied 593 patients with Ewing sarcoma and found no significant impact of pathological fracture on survival rate; this was confirmed by Pochananugool et al. [13, 19] . Lee et al. did not find any influence on oncological outcome in 227 patients with chondrosarcoma, 46 of whom suffered a pathological fracture [16] .
In contrast, the majority of recent studies have found the occurrence of a pathological fracture in bony sarcomas to be associated with lower survival rate [5, 10, 12, 21, 24, 29] . Zeifang et al. reported a lower survival rate in patients with primary malignant bone disease complicated by a fracture, and this was confirmed by Ebeid et al. [10, 29] . In a recent study by Bramer et al., pathological fractures significantly reduced the survival rate in patients with osteosarcoma and chondrosarcoma, but not in those with Ewing sarcoma [5] .
Our data show a significantly lower overall duration of survival in the fracture group, with a median of 6.2 years compared to 16 years in the non-fracture group (p< 0.00001). The one-, five-and ten-year overall survival rates were also significantly lower for patients with pathological fracture (Fig. 1) .
A variety of independent variables (e.g. tumour size and tumour volume) are known to influence the survival of patients with malignant bone tumours. Thus, the increased mortality risk could be biased by accumulation of these prognostically unfavourable factors. We addressed this by performing univariate and multivariate analysis. Pathological fracture remained a predictor of worse survival, independent of other variables and raised the mortality risk significantly by a factor of 1.82 (p=0.015) (Table 3) . Further, the results of univariate and multivariate analyses of potential prognostic factors demonstrate that, apart from fracture, higher tumour stage and inadequate resection margins are also associated with decreased overall survival (Table 3) . In contrast, a good response to neoadjuvant chemotherapy was positively associated with survival (p=0.015, HR 0.68).
Even though it has been shown that pathological fractures increase the mortality rate, the basis for this correlation remains unclear. The theory that pathological fractures worsen prognosis by spreading the tumour via the fracture haematoma leading to an increased rate of local recurrence and distant metastases has been discussed controversially [1, 2, 5, 24] .
In our study, no statistical difference could be shown regarding the rate of local recurrence between the two groups (Table 1) , although a tendency towards a higher occurrence in the fracture group seemed to exist. The incidence of distant metastases during the study for the patients without metastatic disease at diagnosis (tumour stage I and II) was not affected by the occurrence of pathological fracture and comparable between the two groups ( Table 1 ). The fact that the rate of local recurrence and distant metastases were not significantly higher in the fracture group runs counter to the theory of micrometastasis and seems to indicate that it is probably not the dissemination of tumour cells that impairs survival. More likely, the fracture denotes the aggressive nature of the tumour. In accordance with this, patients with pathological fractures displayed significantly higher tumour stages, underlining the theory that pathological fractures occur more often in patients with more advanced disease and are an expression of higher aggressiveness and malignancy. However, in multivariate analysis pathological fracture remained an independent predictor of worse survival and significantly raised the mortality risk. Thus, further studies are needed to examine the basis for this correlation. The rates of local recurrence and distant metastases are of pivotal interest in clinical decision-making regarding surgical approach. There has been intense debate regarding limb salvage versus immediate and aggressive removal of the tumour, including early amputation to halt fractureinduced disease progression.
However, few non-randomised studies have specifically compared the outcomes of limb salvage and amputation with regard to local recurrence and survival rate in patients with primary malignant bone tumours who suffer a pathological fracture [1, 2, 4, 5, 10, 21, [24] [25] [26] 29] .
In 1996, Abudu et al. reviewed the surgical treatment and oncological outcome in 40 patients with a pathological fracture in localised osteosarcoma [1] . The overall survival rate did not differ significantly between the patients who underwent limb salvage and those who had an amputation. The rate of local recurrence was higher in patients managed with limb salvage. However, this correlation disappeared after correction for surgical margin, leading to the conclusion that if wide margins cannot be achieved, the risk of local recurrence following limb salvage is substantial.
In another single-centre review, the cases of 18 of 187 patients with osteosarcoma complicated by a pathological fracture were evaluated. The difference in local tumour control and survival between the patients who had limb salvage and those with amputation was not significant [25] . A multi-centre case-matched study by the same authors did not reveal any difference regarding local recurrence and survival rate between resection and amputation, as confirmed by Bacci et al. [4, 24] . Bramer et al. also evaluated the influence of pathological fracture on rates of local recurrence and survival in patients with bony sarcomas. No difference was found between resection and amputation as long as adequate margins were obtained [5] .
Our results with regard to the relationship between the type of operative management and overall survival were similar to the results in these studies. Altogether, 344 of the 447 patients in the study population were treated with limb salvage and 103 with ablative surgery. No differences in surgical treatment were found between the groups with and without pathological fracture (p=0.496).
We found no difference with respect to overall survival, rate of local recurrence and distant metastases between the patients with a pathological fracture who underwent limbsaving surgery and those who underwent amputation.
It has to be taken into account that the achievement of adequate margins of resection is probably of higher importance than solely the occurrence of a fracture when selecting the surgical approach. In our study population, the proportions of patients with adequate and inadequate surgical margins were comparable between the two groups ( Table 1) . When complete tumour resection is anatomically possible and adequate margins can be obtained, limb-saving surgery does not seem to have a negative influence, i.e. the rate of local recurrence and distant metastases are not higher, and the duration of survival is not lower.
Conclusions
In summary, it can be concluded that patients with primary malignant bone sarcomas who sustain a pathological fracture have shorter overall survival than patients without a fracture. In our study the rate of local recurrence and distant metastases was not affected by pathological fracture, leading to the conclusion that a pathological fracture is not always a contraindication to limb salvage, and the performance of a limb-salvage procedure in carefully selected patients does not significantly increase the risk of local recurrence, distant metastases or death.
Neoadjuvant chemotherapy is known to substantially improve therapy outcome in patients with primary malignant bone tumours. In our study the fracture and non-fracture groups did not demonstrate any significant difference in their response to neoadjuvant chemotherapy (p=0.336; Table 2), even though the patients in the fracture group presented with higher tumour stages. This leads to the conclusion that standard protocols of neoadjuvant chemotherapy remain valid and should be applied in patients with pathological fractures and higher tumour stages. In conclusion, we recommend that patients with a pathological fracture from a malignant bone tumour should be treated by neoadjuvant chemotherapy after nonoperative stabilisation of the fracture (e.g. splint or external fixator) in combination with appropriate analgesia. Then, resection of the tumour should be performed with adequate margins, which may entail performing an extended wide resection in some cases.
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